Purpose A monitoring investigation undertaken along the River Ibach, northwest Switzerland over the winter 2012/2013, found that riparian areas recently supporting the invasive plant Himalayan Balsam (HB) recorded significantly higher erosion rates than nearby uninvaded areas. This communication sythesises the latest findings about the influence of HB on sedimentation processes, again, from the Ibach, but also from a second river system in southwest UK. Materials and methods Erosion pins, a micro-profile bridge and a digital caliper were used to measure changes in soil surface profile (SSP) at selected riparian areas supporting HB plants along both rivers. Values were statistically compared against equivalent data recorded from nearby reference areas supporting mixed perennial vegetation. A comparison of source and sediment geochemistry was also undertaken on soil from HB-invaded and uninvaded floodplain areas along the Ibach, to assess the potential for identifying the extent to which either group acts as a sediment source. Results and discussion Erosion pin data indicate that soil loss from HB-colonised areas was significantly greater than soil loss from reference areas in two out of the four periods at the River Ibach site, and in two out of three measurement periods at the River Taw site. Colonisation of new HB sites may initially occur by hydrochorous processes, but HB plants may increase colonisation potential by trapping additional fine sediment and organic matter, including viable HB seeds. Geochemical results from the Ibach suggest that high inputs of suspended sediment originate from sources close to the river channel, but HB-invaded floodplain sources have geochemical properties that are most similar to suspended river sediment. Conclusions The findings from both rivers led us to rethink our original hypothesis; that HB promotes soil erosion, to an amended hypothesis in which HB may be associated with areas where high erosion is sometimes recorded. Whilst initial colonisation may be due to hydrochorous processes, as HB becomes increasingly established, the displacement of perennial vegetation increases the risk of erosion during the winter period when live HB plants are absent. Preliminary geochemical findings of floodplain soils supporting different vegetation types along the Ibach tentatively suggest that at least some material originating from HB sites may enter the watercourse.
Introduction
1.1 Impatiens glandulifera-background nature and subsequent efforts to control its increasing territory, it is now present in 23 out of the 28 European Union (EU) member states (CABI 2017) , and is sufficiently common in many of those countries that it is considered fully naturalised (Beerling and Perrins 1993; Pyšek and Prach 1995; Kollman and Bañuelos 2004; Hejda 2006; Hejda and Pyŝek 2006; Helmisaari 2010; Malíková and Prach 2010) . Himalayan Balsam is able to rapidly establish itself due to a number of key life cycle and physiological traits (Tickner et al. 2001 ). These include, inter alia, an ability to grow in a wide range of environmental conditions, in most soils and within most vegetation types (Helmisaari 2010) , including woodland, where it thrives in deep shade (Andrews et al. 2005; Ruckli et al. 2016) . As a ruderal plant, it favours damp, nutrient-rich soils that are frequently disturbed, such as riverbanks and the riparian zone (Fig. S1 , Electronic Supplementary Material). A mature HB plant can produce as many as 2500 seeds, which are ejected (i.e. dehisced) up to~7 m from the parent plant (Chapman and Gray 2012) . Once established, HB plants tend to germinate simultaneously to form individual 'stands' that range in area from a few square metres to > 2000 m 2 . Its tendency to colonise along flowing water means that a large proportion of seeds are ejected into the watercourse where they are transported downstream and deposited onto uncolonised areas (Dawson and Holland 1999; Chapman and Gray 2012; Defra 2013) . Mature HB plants form a thick canopy, which reduces sunlight and suppresses the growth of slower growing or smaller perennial plants (Beerling and Perrins 1993; Pyšek and Prach 1995; Kollman and Bañuelos 2004) . Despite its invasive characteristics, HB is highly intolerant to cold temperatures and rapidly dies off during the late autumn/early winter period (Beerling and Perrins 1993; Helmisaari 2010; Skálová et al. 2011) . When temperatures fall, whole stands collapse and die simultaneously, whereupon the protection afforded to the underlying soil by the dense canopy is lost (contrast Fig. S2A with Fig. S2B , Electronic Supplementary Material) (Roblin 1994) .
Given the ability with which HB is able to outcompete most native plant species in most environments, understanding both its influence on biodiversity (e.g. Hulme and Bremner 2006; ) and the physiological and biochemical mechanisms that make it highly invasive has been the focus of much attention (Andrews et al. 2005; Dassonville et al. 2008; Pattison et al. 2016; Ruckli et al. 2016) . Few studies, however, have sought to determine its influence on the sediment dynamics of river systems. One of the first investigations was undertaken by Greenwood and Kuhn (2013) , who concluded that HB did significantly increase soil erosion. However, an absence of supporting evidence over multiple die-off and germination cycles, and from different river systems, means that those original findings await corroboration. Against the need for more information, we present additional erosion data: firstly, from along a 2.0-km downstream section of the same watercourse described in Greenwood and Kuhn (2013) over a further three consecutive die-off to germination periods, 2013-16; and secondly, from a floodplain reach of the River Taw, UK, over three consecutive die-off to germination periods, [2013] [2014] [2015] [2016] . Based on reports that the above biochemical mechanisms induce certain chemical soil modifications (Andrews et al. 2005; Dassonville et al. 2008; , we compare the geochemistry of soil from HB-invaded areas along the riparian zone against soil from nearby floodplain areas free of HB invasion, to assess the possibility of identifying soil originating from areas supporting HB plants in actively eroded suspended river sediment.
Materials and methods

The study sites
The River Ibach, Switzerland
The investigation in Switzerland was originally undertaken in 2012/2013 along a 1.0-km stretch of a small watercourse, known as the Ibach, located approximately 20 km south of the city of Basel in the mountainous Jura region (coordinates: 47°25′09.80″ N; 07°34′24.19″ E to 47°25′46.38″ N; 07°34′ 08.68″ E) (Fig. 1) . The Ibach catchment is described more fully in Greenwood and Kuhn (2013) , but in brief, the area upstream of the study reach is ca. 10 km 2 , the gravel-bed watercourse is approximately 10 km long and flows in a northward direction until it confluences with the River Birs. Its incision through limestone bedrock has carved steep-sided valleys (median gradient, 35°) and narrow (i.e. ca. 25 m wide) floodplains which, due to the incision of the river and the elevation of the floodplains, are isolated from the river and tend to act as river terraces. Most of the river corridor is forested, but permanent pasture accounts for approximately 10% of the total floodplain area.
Base flow is approximately 0.25 m 3 s −1
, mean water depth is approximately 0.11 m and channel widths range from ca. 3.3 to 5.5 m. Despite having undertaken ca. 150 site visits during or soon after high precipitation events, overbank flooding has never been observed. Suspended sediment (SS) concentrations average 15 mg L −1 (SD ± 0.35) during lowflow, and ca. 540 mg L −1 (SD ± 13.3) during high-flow. Low SS concentration is attributed to the dense forest along the river corridor and permanent pasture in the upper catchment, as well as to a lack of intensive agriculture and low urban development. No evidence of poaching by livestock was observed along the watercourse. Mean annual precipitation for the region is ca. 850 mm. Peak rainfall usually occurs between May to September, and autumn and winter months generally receive about 80% of the equivalent monthly maximum precipitation (i.e. 73 mm). Based on the textural classification system adopted by Hodgson (1974) , soil along the monitored section of riparian zone is classified as silty loam, with sand, silt and clay fractions in the region of 12, 70 and 19%, respectively. Median particle size is 15 μm and organic carbon (OC) content is < 5%. Vegetation along the monitored section consists of predominantly deciduous trees, interspersed with infrequent stands of conifers. Vegetation on the lower valley sides and bottoms consists of an almost unbroken understory cover (except on footpaths) of both lower-and higher-order plant species. The most abundant of these (identified to genus level only) include Allium spp., Anenome spp., Hedera spp., Ranunculus spp., Trifolium spp., Urtica spp. and Rubus spp.
This Ibach catchment was selected for investigation owing to the presence of HB plants which occupied discrete stands along sections of the riverbank. Table 1 lists background information for monitored sites along the Ibach River over the four winter periods in which data were generated. During later field campaigns, monitoring focused on a 2.0-km-long midstream section of the river. Where possible, equal numbers of invaded and reference transects were installed. However, it was not always possible to install equal numbers of reference transects due to the rocky terrain and thin soil profile at desired locations. Where this occurred, measurements from each geographically comparable group were averaged. Erosion pins were re-measured every 4-6 weeks, from mid-November onwards when vegetation was low and pins could be relocated, until mid-April, when regrowth made relocation prohibitively difficult. Measurements were not taken when the ground was heavily frozen, to avoid the likelihood of recording erroneous data due to frost heave (Lawler 1986 ).
The River Taw, UK
The investigation in the UK was undertaken along a ca. 1.0-km long section of heavily invaded riparian zone situated on the west side of the River Taw, located in southwest UK (coordinates: 50°56′ 38.12″ N; 03°54′31.73″ W to 50°56′42.08″ N; 03°54′48.17″ W) (Fig. 2) . A more detailed description of both the river catchment and this particular floodplain reach is provided in . In brief, however, the River Taw drains the northeastern flank of Dartmoor National Park, and a sub-catchment of the Taw, known as the River Mole, drains the southwest flank of Exmoor National Park located to the north of the study site. The River Mole confluences with the River Taw within the boundary of the floodplain reach, but slightly upstream of where erosion monitoring was undertaken. The River Taw flows in a predominantly northwest direction, until it reaches the Bristol Channel approximately 40 km north northwest of the study site. The average catchment elevation is approximately 120 m asl The study site, which is located on the west side of the river Taw, extends to 3.9 ha, is approximately 41 m asl, and is under permanent pasture. Based on the textural classification system adopted by Hodgson (1974) , with a median particle size of 22 μm, soil within the River Taw study site is also classified as silty loam, with an OC content of ca. 5%. Annual precipitation is ca. 1180 mm per year (Williams and Newman 2006) , maximum monthly rainfall is 140-160 mm per month and usually occurs during the autumn/winter periods (UK Meteorological Office 2014). As highest monthly rainfall corresponds with the die-off and absence of live HB plants, this is assumed to render colonised sections particularly vulnerable to erosion.
This site was deemed suitable for investigation for a number of reasons. Firstly, the main author (Greenwood) has prior knowledge of river flow and overbank flood characteristics at this location (viz. . Secondly, the flood regime contrasts markedly with the Ibach, inasmuch as relatively high magnitude floods occur approximately five to six times per year, mostly during the autumn and winter periods when live HB plants are absent. The timing of floods is relevant as any remaining dead and decaying plant residue is ripped out by the floodwaters, which often leaves affected areas completely devoid of vegetation. Thirdly, a site visit in the summer of 2013 reaffirmed that HB was still abundant across large areas of the riparian zone, but particularly concentrated towards the northwest end of the river reach. Consequently, site installation and monitoring focused on a 0.4-km-long section at the northerly end of the site. The predominant assemblage of perennial understory vegetation, identified to genus level only, mainly consists of Urtica spp., Galium spp., Rubus spp. and Rumex spp., interspersed with many (unidentified) grass species. Small and isolated copses of relatively immature deciduous trees also occur along areas where monitoring is undertaken, with main species identified to genus level only including Betula spp. Of particular interest from a topographic perspective is a 3-4-m wide river terrace along a section of the study area. The terrace lies within the main river channel, but approximately 1.2 m lower than the floodplain proper. It is subjected to scour erosion when river levels are higher than normal. The topography of the terrace consists of a series of small (i.e. ca. 0.5 m wide × 0.5 m deep) yet pronounced ridges and valleys that run parallel with the river channel (Fig. S3 , Electronic Supplementary Material). Three main species of vegetation are found on the terrace, namely Urtica dioica (stinging nettle), Galium aperine (goose grass) and HB. The former two species are native perennials and major competitors of HB, but are generally confined to the upper valley-sides and ridgetops, whereas HB is almost exclusively found on the lower valley-sides and bottoms. After HB has died and any decaying plant remains have been ripped out, the valley-bottoms remain largely devoid of vegetation over the winter period.
Site selection, installation, erosion measurement and data processing
Sites for erosion monitoring in both river systems were generally selected based on their level of HB invasion (i.e. > 20 mature HB plants m ), their accessibility and the ease with which reference transects could be installed. The installation of erosion equipment and measurement protocols are described in greater detail in Greenwood and Kuhn (2013) . Although they have remained largely unchanged throughout subsequent monitoring campaigns, in brief, two 6 mm diameter metal pins, with lengths tailored to suit local conditions, were driven into the soil profile at a distance of 1.2 m apart within selected areas supporting HB plants, to form a 'transect'. An additional transect, again, consisting of two metal pins of similar dimensions, were installed on the same side of the river, generally less than 4 m from an invaded area, and on topographically similar terrain supporting perennial vegetation to determine baseline erosion conditions. Where possible, all transects were installed perpendicular (i.e. 90°) to the main river channel and at similar elevations at each site, to ensure that flow and sediment transport conditions were as directly comparable as possible. When taking soil surface profile (SSP) measurements, a 1.2-m-long, rigid aluminium profilebridge was fitted onto each pair of erosion pins. Ten holes, each 7 mm diameter, were pre-drilled at equidistant (0.1 m) intervals along the central 1.0 m length and numbered sequentially from 1 to 10, with point 1 furthest from the river, and point 10 closest to the river. These acted as predetermined measuring points and ensured that SSP values were recorded at the same place. A schematic of a transect with mounted profile-bridge is shown in Fig. 3 .
Changes in SSP were measured using a digital Vernier caliper capable of recording distances between 0 and 155 mm. In instances where depths exceeded 155 mm, measurements were made with an ordinary retractable tape measure. When taking measurements, the profile-bridge was secured on the pins, the caliper was placed upright on top of the profile-bridge and aligned with a given hole so that the tip could be freely extended to the soil surface below. Disturbance to rooted vegetation was kept to a minimum and objects such as stones, twigs, earthworm casts and leaf litter were gently cleared before measurements were taken. Measurement points were recorded sequentially, from point 1-10 and then repeated, and follows the approach recommended by Shakesby (1993) , to ensure consistency when, for instance, defining the base of the litter layer, or when the caliper-tip aligned with near-vertical sides of soil concavities or small ridges. Differences between duplicate measurements were determined by subtracting the second estimate (mm) from the initial estimate (mm) and calculating the difference as a percentage of the first value. Differences were then averaged for all 10 values per transect. Estimates were generally within ± 1.5% over all monitoring campaigns for all transects. Duplicate depth measurements were averaged, and the 10 SSP measurements per transect were used to establish a mean depth to the underlying SSP across each 1.0 m transect length. The obtained value recorded at the latest re-measurement was subtracted from the previous re-measurement to derive a net difference in SSP between site visits. Increasingly negative values were interpreted as evidence of the loss, or erosion, of surface material. Increasingly positive values relative to the previous estimate were attributed to deposition. As emphasised earlier, no evidence of overbank flooding has ever been observed in the Ibach catchment. Consequently, the transfer of sediment from river to floodplain is assumed to be minimal. Deposition is attributed to the generation of sediment by tree-throws, which are not only prevalent along Ibach River corridor (av. 40 per ha), but the displaced material diffuses down the steep valleysides and presumably onto and across the narrow floodplains.
Soil surface data were tabulated so that the change between pairs of invaded and reference transects could be directly compared. Mean values were considered an appropriate measurement of central tendency and accords with other studies where erosion pins have been used to measure losses or gains over time (e.g. Lawler 1986; Shakesby 1993; Fanning 1994; FavisMortlock et al. 2018) . Data were subjected to a paired-samples t test performed at the 95% confidence level. At sites where HB-invaded transects outnumbered reference transects, the excess number are grouped relative to the nearest reference transect and net results are averaged and statistically compared as above. Further to the above, we also present, where available, SSP data for summer periods, which represent the net change between the last measurement (in mid-April) and the first measurement of the following winter season (i.e. midNovember). Summer datasets are limited, due to the forced abandonment of certain invaded areas. Where datasets are small, the non-parametric Wilcoxon paired-samples test is applied. Finally, we calculate standard deviations (St. Devs.) using the average change in SSP between re-measurements for invaded and reference transects at each monitoring campaign, to determine sediment losses and gains (i.e. sediment flux).
Soil physicochemical properties-Ibach catchment
Key physicochemical properties of soils from HB-invaded areas were measured and compared against soils from nearby uninvaded areas. Properties included soil texture and influence of distance from river channel on textural characteristics, OM content and in situ bulk density. As in situ BD represented a property of interest, soils were sampled using ca. 5 cm diameter × 5 cm long metal BD rings (equivalent to 100 cm 3 volume), which, after clearing the litter layer, ensured that material always came from 0 to 5 cm in the soil profile. Sample processing and subsequent analyses followed established protocols reported in Anon. ( 2005) .
Motivation for undertaking this component of the work arose due to suggestions that as HB plants tend to preferentially invade depositional areas (Gurnell 2015) , elevated erosion rates may be a function of weak soil structure and limited ability of fresh sediment deposits to resist shear stresses exerted by varying erosion processes. Gurnell (2015) therefore cautions that changes in SSP should ideally be documented over an entire year, to ensure that a more informed assessment can be made of the influence that HB might have on sedimentation processes, not only over the winter period when live HB plants are absent, but also during the summer period when live HB plants are present.
A final component of the research undertaken within the Ibach catchment consists of a comparison between the geochemical properties of catchment sediments and potential sediment sources, with a particular focus on determining whether sediment originating from HB-invaded (HBI) areas carries a distinct geochemical signature that might prove useful in future sediment source investigations. Justification for undertaking this component of the work relates to a number of physiological and biochemical mechanisms that HB plants employ, that not only make them highly invasive outside of their natural territory, but enhances certain chemical properties of host soils in areas where they become established. Soil modifications have been attributed to a number of plant/soil feedback mechanisms that HB (Pattison et al. 2016) , and many other invasive plants commonly utilise (Vanderhoeven et al. 2005) . For instance, enriched P concentrations have been reported in soils supporting HB due to the plants interrupting the symbiotic/mutualistic relationship that commonly forms between soil-dwelling mycorrhizal fungi (MF) and most perennial species. Severing this link prevents the fungi from donating P to its host plant, leaving the soil enriched in P Ruckli et al. 2016 ). In addition, HB plants attain large stature and dominate the understory in woodland settings despite low sunlight intensity which limits photosynthesis, reduces vigour and suppresses growth for most other plant species. Himalayan Balsam overcomes low irradiance, yet still grows vigorously, by sequestering K and N from the soil. These nutrients, which accumulate and are stored in stem and leaf tissue, are used to maintain osmotic pressure, as both represent ecologically cheaper alternatives to manufacturing malate and glucose (Andrews et al. 2005 ) under low light intensity. Other HB-initiated soil enhancements, although still poorly understood, have been reported for a number of micronutrients that include magnesium (Ma) and manganese (Mg) (Dassonville et al. 2008) , as well as boron (B), which promotes P uptake, and copper (Cu), which promotes photosynthesis and plant metabolism (Čuda et al. 2017b) . As a consequence of these mechanisms, higher net primary productivity (NPP), coupled with higher nutrient concentrations in HB tissue results in those stored nutrients being returned to the soil through high litter-fall and rapid decomposition, facilitated by the accumulated K and N (Čuda et al. 2017b) . In terms of plant numbers and a timeline over which these processes operate, results under controlled conditions indicate that relatively few HB plants are able to modify certain soil nutrients within a few lifecycles (Pattison et al. 2016) . As nutrient transfer from plant to soil is dependent on the decomposition of litter, multiple lifecycles are probably required before this happens, however. Consequently, we hypothesise that those enrichment mechanisms may gradually imprint a distinct geochemical signature on historic soil deposits within established stands of HB plants. We attempt to exploit this possibility to see whether sediment from established HB stands carries a distinct physicochemical signature that can be differentiated from other potential floodplain sources.
Soil sampling
Potential sediment sources were assigned to eight most prominent land-uses or actively eroding features. Main land-uses included woodland and permanent pasture. Main sediment sources included river bed, river bank and actively eroding suspended river sediment. Visibly eroding features included grass verges and road dust. Crucially, riparian areas supporting established stands of HB plants were also treated as a candidate source-area. Following the approach described in Pulley et al. (2015) , soil scrapes were taken using a plastic trowel from the surface of actively eroding areas, and soil from different land-uses was sampled from 0 to 3 cm depth. A total of 216 soil samples were collected (av. 25 per category) in late December 2016 and early January 2017. In accordance with Collins et al. (2016) , where a single vegetation type covered a large (i.e. > 50 ha) area, replicate samples were bulked and sub-sampled in order to capture the spatial variability of physicochemical properties.
Suspended sediment sampling
Suspended river sediment was obtained over a 6-month period, from October 2016 to April 2017, using three timeintegrating Phillips samplers (Phillips et al. 2000; Smith and Owens 2014) , which were installed at 1.0 km long intervals along the same 2.0 km length of the Ibach watercourse where erosion monitoring was previously undertaken. The first SS samples were recovered in November 2016, and recovery of SS continued approximately every month. Sampling covers the period when live HB plants are absent and soil loss from invaded areas is expected to be high. Five sets of SS samples were duly obtained over the 6-month monitoring period, with each set consisting of three individual SS samples. No SS was recovered in January 2017 due to sub-zero temperatures which prevented samplers from being accessed. On recovery, excess water was decanted away and individual samples were dried, weighed and cold-stored for future analyses.
Sample analyses
Source and sediment samples were oven-dried at 40°C, gently disaggregated using a mortar and pestle and screened through a 63-μm sieve to obtain broadly comparable particle size characteristics between all samples (Collins et al. 1997a) . The < 63 μm fraction from each sample was then sub-divided and sufficient quantities were allocated to non-destructive tests such as magnetic susceptibility analyses, which were performed using a Bartington MS2B instrument (Bartington Instruments Ltd. UK). Destructive tests included particle size analysis, which was performed on a Malvern Mastersizer 2000 (Malvern Instruments Ltd. UK), OC content was measured using a LECO RC 612 instrument (LECO-Europe). Element extraction, which followed the protocol described in Anon. ( 2001), involved placing ca. 5 g of soil (< 63 μm) in an Erlenmeyer flask containing 50 mL of nitric acid (HNO 3 ) at a concentration of 2 mol/L. Flasks were placed in a water-bath at 100°C for 2 h and covered, after which, the liquid was then filtered through a < 2 μm membrane (Schleichel & Schüll 602 1/2 eh Ø18.5 cm) and stored to await analysis. Analyses were performed on an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (Avio 500, PerkinElmer USA) and prepared at 10, 100 and (where necessary) at 1000 times dilutions. Elements analysed corresponded with a selection of 19 tracers and included the following: aluminium (Al), boron (B), barium (Ba), calcium (Ca), copper (Cu), iron (Fe), potassium (K), lithium (Li), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), phosphorous (P), lead (Pb), sulphur (S), strontium (Sr), vanadium (V), yttrium (Y) and zinc (Zn). Concentrations were expressed in milligram per litre (ppm) and the measurement uncertainty was generally < ± 5%.
Sediment source discrimination and identification
Due to the complexity of the multiple different sediment sources in the studied catchment, discrimination between all potential sediment sources proved difficult using the available tracers. As a result, a quantitative sediment source fingerprinting approach was judged to be unsuitable, as uncertainty associated with large within-source variabilities and equifinality in source apportionment are likely to be high (Rowan et al. 2000; Pulley et al. 2015) . Instead, the geochemical properties of the suspended sediment and its potential sources were qualitatively examined to fulfil two main objectives of this paper. The first was to determine whether a significant difference exists in the geochemical properties of (a) floodplain sources when compared against other catchment sources and (b) HBcolonised floodplains when compared against floodplains supporting woodland or permanent pasture. The second objective was to determine if any differences between geochemical properties of sources can be used to identify if HBinvaded and uninvaded floodplain areas act as sediment sources.
To determine if there is a significant difference between floodplain and other catchment sources and HB-invaded and uninvaded floodplain sources, a Kruskal-Wallis H (KW-H) test was used (Collins et al. 1997b ). Prior to attempting to identify the sources of suspended sediment, a range test was used to determine if any tracers are likely to be nonconservative during sediment erosion and transport (Foster and Lees 2000) . A tracer was judged to have failed this test where fewer than 75% of the sediment samples fall within the median, +/− one median absolute deviation (MAD) range of each source group and fewer than 100% of sediment samples fall within the minimum-maximum range of values found in the sources.
A two-stage procedure was first used identify if any differences in the geochemistry of the sources can be used to identify contributions of sediment from HB-colonised floodplains. First, an initial linear discriminant analysis (LDA) including all tracers was used to reclassify the original sediment source groups into a fewer number of groups, where problems of equifinality of source apportionment solutions is likely to be less severe. A bi-plot of the two largest discriminant functions was produced and personal judgement, combined with a trial and error approach, was used to form up to four new source groups with the maximum likelihood of achieving good discrimination between them using the available tracers. All individual tracers showing a significant difference between sources in the KW-H test were included. Those passing the Range Test were then included in bi-plots to examine the likely provenance of the sediment suggested by each tracer, as well as to further explore their potential to discriminate HBcolonised floodplains. These tracers were then included in a final stepwise LDA, to identify the composite fingerprint best able to discriminate between the sediment source groups. The two largest discriminant functions generated by the analysis were included in a bi-plot, along with the discriminant scores for the sediment samples, so that sediment sources could be qualitatively identified.
Results
The results are divided into two sections. Results from the River Taw are presented first, as these consist solely of a 3-year summary of erosion pin data. Secondly, results from a more comprehensive package of work undertaken within the Ibach catchment include a 4-year summary of erosion pin data, a comparison of physicochemical properties between floodplain soils from HB-invaded and uninvaded reference areas, and findings from the sediment and source geochemistry investigation.
River Taw, UK
Erosion pin data-winter periods
Data from the River Taw site were generated over three consecutive die-off to germination cycles, 2013 to 2016, with monitoring times commencing around mid-November and continuing broadly every 6 weeks until mid-April, when vegetation regrowth made relocating and/or accessing erosion pins extremely difficult. Table 2 Table 3 lists the results of the statistical analyses and standard deviations for the two summer periods, 2015 and 2016, where data are available. Significantly more soil was lost from invaded areas than from reference areas during the summer period, 2015, but there was no significant difference in erosion between either groups over summer 2016. Again, standard deviations for invaded areas are notably higher than for reference areas over summer periods in both years. 2012-2013 and 2013-2014 . There was no significant difference in erosion between either group over the winter periods, 2014-2015 and 2015-2016 . Standard deviations at invaded locations are markedly higher than reference locations for all years except 2014-2015. Table 5 lists both net average and net median changes in SSP (mm) for invaded and reference areas for each monitoring period, for comparison. These, in combination with the total invaded area monitored each year (m 2 ) and soil bulk density at invaded areas (g cm ), are converted . From this, we further estimate that soil loss from HB areas (based on net average and median reduction in SSP listed in Table 5) Table 6 lists the results of the statistical analyses and standard deviations for summer 2013, which represents the only period where data are available. There was no significant difference in the amount of soil lost between either groups during this summer period, but again, the standard deviation is notably higher for invaded areas.
Erosion pin data-summer periods
River Ibach, Switzerland
Erosion pin data-winter periods
Erosion pin data-summer period
Physicochemical soil properties
Textural characteristics of soils from within stands of HB plants were compared against similar characteristics of soils from nearby uninvaded areas. A summary of selected physicochemical properties for both transect groups, including average particle size at D10th, D50th and D90th p e r c e n t i l e s , a r e l i s t e d i n Ta b l e S 1 ( E l e c t r o n i c Supplementary Material). For particle analysis, pairedsample t tests were performed at the 95% confidence level on paired samples at the 10th, 50th and 90th percentile sizes. There was no significant difference at the D 10 and D 50 percentiles for either groups, but at the 90th percentile, the particle size of soil at invaded areas was significantly finer (i.e. the textural range at reference areas was wider). A Spearman's Rank correlation test, also performed at the 95% confidence level, revealed a significant negative correlation between distance from the river channel and particle size for soils at reference locations (− 0.520; Sig. = 0.016; n = 21), indicating that soil texture became increasingly finer with increasing distance from the river . No significant relationship was found for the same variables for soils at invaded areas (− 0.144; Sig. = 0.532; n = 21). The average bulk density (BD) at reference locations was 0.82 g cm −3 (St. Dev. 0.18), which was significantly higher than the average 0.71 g cm −3 (St. Dev. 0.14) BD value at invaded locations. There was no relationship between BD and distance from the river channel for either transect groups. The mean soil organic carbon (SOC) content at invaded and reference areas were 5.1 and 4.9%, respectively, but the difference is not significant. There was also no significant difference in P concentration associated with soils from invaded and reference locations. There was, however, a strong correlation between P concentrations at the 90th percentile in soils from invaded areas, which may be attributed to finer-textured soil. No evidence of the above relationship was found at reference areas.
Sediment discrimination and identification
In order to answer the question whether significant differences exist between the geochemical properties of sediment sources, an initial KW-H test was performed to identify any significant differences between the geochemistry of floodplain sources and a combined grouping of other catchment sources, which included hillslopes, channel banks, roads and bed sediment. There were significant differences found for 7 of the 18 elements, the largest being a 68% difference between the median concentrations of Mg, 40% for K and 40% for Ni (Table S2 , Electronic Supplementary Material). A second KW-H test was performed between the HB-colonised floodplains compared to a combined grouping of permanent pasture and woodland covered floodplains. Only Mg and Pb were found to be significantly different, with a 31 and 30% difference between medians, respectively (Table S3 , Electronic Supplementary Material).
Range test
The concentrations of B, Cu, P, S, Sr and Zn fell outside of the thresholds specified by the range test, suggesting that these tracers may be affected by some form of tracer non-conservatism. Phosphorus was most heavily affected, with concentrations in sediments in excess of those found in the source groups, which may be due to agricultural inputs. It is therefore probable that the properties of the sediment are being altered by one or more processes that could include changing sediment particle size distribution or OM concentration during transport. Therefore, source identification using all tracers should be treated with some caution.
Determination of sediment sources
Bi-plots of the source and sediment samples were produced for the tracers passing both the KW-H and range tests (Table  S4 , Electronic Supplementary Material), so that the sediment provenance suggested by individual tracers could be identified. In all three bi-plots (Figs S4-S6, Electronic Supplementary Material), the geochemical properties of the suspended sediment were most similar to those of the floodplain sediments, with the eroding cliff and river bank samples also having comparable properties. Hillslope sediments were generally the most dissimilar to suspended sediments. Bi-plots showing Al versus K (Fig. S4 , Electronic Supplementary Material), Pb versus Mg (Fig. S5 , Electronic Supplementary Material) and Ni versus Ca (Fig. S6 , Electronic Supplementary Material) all infer that the properties of HBinvaded floodplain soil most closely resemble suspended river sediment.
Tracer values passing the KW-H and Range tests for the ten a priori source groups were run through an initial LDA, in order to classify four new source groups which the available tracers were likely to best discriminate (Fig. S7 , Electronic Supplementary Material). Using all ten sources is likely to result in significant uncertainty associated with poor discrimination and equifinality when attempting to identify likely sediment provenance with the limited number of tracers available. Consequently, source groups were reclassified as follows: group 1: HB; group 2: eroding cliffs, woodland floodplain and permanent pasture floodplain; group 3: wooded hillslope, river bank, permanent pasture hillslope; and group 4: river bed sediment. Those new source groups were then included into a second LDA, which identified that a composite fingerprint consisting of Al, Mg, Ca, K and Pb was best able to discriminate between them. However, this composite fingerprint was only able to correctly classify 59.8% of source samples into their respective groups.
The two largest discriminant functions (DF), which accounted for 88.1% of the discrimination, were included in a bi-plot along with the discriminant scores for the sediment samples (Fig. S8, Electronic Supplementary Material) . Sediment scores fell close to the eroding bank and floodplain source groups. This suggests that high inputs of SS originate from source-areas close to the river channel.
Discussion
Erosion pin monitoring
Soil loss from HB-invaded areas at the River Taw site was significantly higher than soil loss from reference areas in two out of the 3-year record, and generally accords with the findings from the River Ibach, in which soil loss from HB-invaded areas was significantly greater in two out of the 4-year record. Figure S9B (Electronic Supplementary Material) shows the same transect in March 2013. In 5 months, an average of 7.5 cm of soil, representing most of the available fine-substrate, was lost. As HB plants were well established, most viable HB seeds were probably removed with the sediment, as recolonisation was minimal over the following spring, which necessitated abandoning the site. In a second example from the River Taw study site, Fig.  S10A (Electronic Supplementary Material) shows a transect installed in November 2014 along a section of HB-colonised valley-bottom located on the river terrace previously shown in Fig. S3 (Electronic Supplementary Material) . By April 2015, however, an average of 17.2 cm of soil was excavated from the valley-bottom (Fig. S10B , Electronic Supplementary Material). In contrast, 1.9 cm of deposition was recorded at the nearby reference transect. Recolonisation by new HB plants was minimal over the following spring, which again, necessitated abandoning this particular site in favour of monitoring a nearby section of ridge and valley in November 2014. This time, enough erosion pins were 'stitched' together to form six continuous transects along the valley-bottom. By April 2015, an average of 5 cm of soil was removed from the base of the valley, which contrasted with an average loss of 0.24 cm of soil from nearby reference transects. In an unexpected twist to these events, however, a large storm in November 2016 caused the river to flood. Although the site had flooded numerous times since erosion pins were installed at this location, floodwaters in this instance deposited sediment within the valley to a depth of ca. 20 cm, which buried all pins (Fig. S10C, Electronic Supplementary Material) .
Despite suggestions that HB plants preferentially colonise river margins, and thus tend to occupy depositional environments (Gurnell 2015) , contrary to this assumption, our longerterm erosion pin records suggest that in most cases, areas supporting HB plants generally experience a net loss of sediment over the majority of winter periods when plants are absent. Moreover, the loss does not appear to be rebalanced by deposition over the summer periods for which data are available (Tables 3 and 6 ). The fact that standard deviations (St. Devs.) are also predominantly much higher for colonised areas at both river systems during most monitoring periods (Tables 2, 3 
Soil physical properties
Significantly lower bulk density and finer particle size characteristics were found at HB-invaded areas. In addition, the significant indirect relationship between particle size and distance from river at reference areas, indicating material became progressively finer with increasing distance from the river, was notably absent from colonised areas. The finer-textured soil and lower bulk density at invaded sites both suggest that live HB plants may influence sediment deposition. This could be through a trapping effect exerted by the adventitious root system of HB plants (Ennos et al. 1993) which acts on the fine-sediment fraction. In light of this possibility, we synthesise the available findings presented thus far to offer what we believe represents a plausible invasion scenario; whereby localised, complex flow-hydraulics may conspire to concentrate and collectively deposit HB seeds in 'hotspots' through the process of hydrochory (Goodson et al. 2002; Gurnell 2015) . We suggest that hydrochorous dispersal of HB seeds may initially dictate where colonisation occurs along river margins. Once HB becomes established and attains a certain density, the sediment trapping effect exhibited by HB roots may contribute to trapping and accumulating larger quantities of fine sediment and associated debris, including viable HB seeds, than hydrochorous processes can achieve alone. Over multiple seasons, as more and more HB plants are recruited, plant densities increase and inter-specific competition progressively displaces perennial vegetation. Whilst initial colonisation may occur by association only, once a certain displacement threshold is reached, perhaps reflected by the ratio of HB plants to area of residual perennial vegetation cover, we posit that the seasonal die-off and prolonged absence of live HB plants may eventually convert what was a predominantly depositional environment into an actively eroding environment. Localised factors may thereafter determine whether soil loss is low or high magnitude. This, in-turn, likely determines what proportion of the viable HB seedbank is remobilised, and the extent to which HB recolonises that particular site the following spring.
Geochemical analysis
Given the absence of live HB plants and depleted perennial vegetation cover to protect such areas, soil originating from HB-invaded areas logically represents a strong contender as sediment-source. Any floodplain-derived material entering the Ibach most likely includes contributions from HB-invaded areas.
How much remains open to speculation, however, as source discrimination is limited and further refinement of sediment provenance is not possible within this catchment. With regard to the significantly higher Mg concentrations found at invaded areas, Dassonville et al. (2008) attribute this to a biochemical mechanism adopted by HB plants, although reasons why HB has evolved the mechanism are unclear. In addition, reasons why significantly higher Pb concentrations are associated exclusively with soils from HB-invaded areas also remains unknown.
Conclusions
Soil loss at HB-colonised areas was significantly higher than soil loss at reference areas in two out of the 3-year erosion record from the River Taw, and in two out of the 4-year erosion record from the Ibach. Reasons for the inconsistent results are unclear but may relate to natural yearly shifts in the colonisation dynamics of HB, and to abiotic factors at the time HB plants germinate.
Despite the assumption that HB preferentially colonises depositional areas, net erosion was recorded at most invaded sites, with losses typically exceeding depositional gains for all winter periods. The imbalance was not matched by sediment inputs during those summer periods for which data are available. Standard deviations were used as an analogue for sediment flux for each monitoring period. Values for HB-invaded areas were much higher than reference areas in most years.
This suggests that HB is associated with areas that experience higher sediment flux. By contrast, areas supporting perennial vegetation experience less sediment flux and are thus more stable.
Soil within HB-invaded areas was significantly finer than soil from uninvaded areas. This infers that HB plants influence floodplain sedimentation patterns by preferentially trapping finer material. Although hydrochorous dispersal of HB seeds may initially dictate where colonisation occurs, the sediment trapping effect noted above could initially act in-tandem with hydrochorous processes and encourage the accretion of more fine sediment and OM, including additional HB seeds, than hydrochory achieves alone. Based on our collective findings, therefore, we hypothesise that once HB plants become established and attain a certain density, sufficient perennial vegetation is displaced that die-off and the prolonged absence of HB plants gradually elevates the erosion risk each year and steadily converts a predominantly depositional area into an actively eroding area. A combination of site specific variables, such as topography, depth of available fine-substrate and density of HB plants most likely play a role in determining whether the magnitude of erosion is high or low. High magnitude erosion, resulting in the removal of surface soil, would determine how much of the viable HB seedbank is remobilised (or remains) and how much HB recolonises the area over the following spring. Gaining more detailed understanding of the influence of those localised characteristics, including monitoring seasonal dynamics of HB and perennial vegetation, would represent a focus for future research.
Source discrimination of floodplain soils along the Ibach using geochemical characteristics was limited and prevented absolute sediment provenance from being established. Results that were obtained, however, indicated that high inputs of SS originated from sediment sources close to the river channel. Given that the geochemical characteristics of soil from HBinvaded areas bore closest resemblance to SS, it is highly probable that at least some material from HB sites enters the watercourse. Whilst quantifying how much is not possible, if the estimated annual SS budget for the Ibach is considered accurate, the average contribution originating from HBinvaded areas between the years 2012-2016 is between 13 and 56% (median estimate; 10-33%) of the total SS budget. In light of these intriguing results, an assessment of the floodplain geochemistry of soils in other HB-affected river catchments, particularly those under different geological settings to that reported here would represent a focus for future research. and to R. Strunk and J. Kobler Waldis for overseeing laboratory analyses.
